A novel method for the measurement of wetting efficiency in a trickle-bed reactor under reaction conditions is introduced. The method exploits reaction rate differences of two first-order liquid-limited reactions occurring in parallel, to infer wetting efficiencies without any other knowledge of the reaction kinetics or external mass transfer characteristics. Using the hydrogenation of linearand isooctenes, wetting efficiency is measured in a 50 mm internal diameter, high pressure trickle bed reactor. Liquid-solid mass transfer coefficients are also estimated from the experimental conversion data. Measurements were performed for upflow operation, and two literature-defined boundaries of hydrodynamic multiplicity in trickle flow. Hydrodynamic multiplicity in trickle flow gave rise to as much as 10% variation in wetting efficiency, and 10-20% variation in the specific liquid-solid mass transfer coefficient. Conversions for upflow operation were significantly higher than in trickle-flow operation, due to complete wetting and better liquid-solid mass transfer characteristics.
Introduction
Packed bed reactors that process gas and liquid reactants are extensively utilised in industry, most notably in the petrochemical industry for hydroprocessing 1, 2 . These reactors can be operated in gas-liquid cocurrent downflow (trickle flow), cocurrent upflow, or countercurrent flow. Due to flexibility in terms of throughput, gas-liquid downflow reactors are often preferred when large process streams are involved 3, 4 . The hydrodynamics of trickle flow are rather complex, and upflow operation have been advocated for pilot-scale studies 5 .
Existing studies on the comparison of upflow with trickle flow operation were summarised by Chaudari et al. (2002) 6 , who advocated systematic studies comparing these two operating modes; especially since several studies show possible advantages of upflow operation above trickle flow operation.
For hydroprocessing purposes, hydrodynamic parameters that influence mass transfer rates in the liquid phase are of particular importance 4, 7 . These rates are primarily affected by the external liquid-solid mass transfer coefficient and wetting efficiency. Evidence of the influence of these parameters in reaction study is long in existence 2, 8, 9 , and especially wetting efficiency received widespread attention in literature.
The most important measurement method is based on tracer measurements 10, 11, 12 , whereas several reaction methods were also suggested 13, 14, 15 . These methods employ the additive model of Hartman & Coughlin (1972) 13 , which requires an accurate kinetic description of the reaction.
Other methods require correlations for liquid-solid mass transfer to estimate wetting efficiency 16, 17 . Recently, Baussaron et al. (2007) 18 generated an extensive amount of wetting efficiency data obtained from a colorimetric method, which was The overwhelming majority of liquid-solid mass transfer data in literature was obtained with either dissolution or an electrochemical technique. For the former, the packing material needs to be coated and is often not representative of a catalytic bed 20 , whereas for the latter the process fluid needs to be an electrolyte, limiting the applicability to typical process fluids 21 . There is a large deficiency of reactor-based measurements, especially at high pressures 3 .
In this work, a novel reaction method is presented for the measurement of wetting efficiency in a trickle-bed reactor. The method involves two reactions that are first order with respect to the non-volatile, limiting reagents, occurring in parallel throughout the reactor. It is shown how the conversions (and relative difference) of the two reactions can be used to measure wetting efficiency without any other knowledge of the reaction kinetics and liquid-solid mass transfer coefficients. Mass transfer coefficients are also estimated from conversion data. Unlike for the wetting efficiency measurements, these estimations rely on an assumption regarding the general relationship between mass transfer coefficients and liquid superficial velocity.
Several studies report hysteresis in trickle flow, which is commonly attributed to the effect that flow history has on the liquid flow patterns in the bed 22, 23, 24 .
Although subject of numerous studies, trickle flow multiplicity studies focus almost exclusively on pressure drop, liquid holdup and flow texture 23 . Very few studies exist that attempt to quantify the effect of flow history or pre-wetting on wetting efficiency 24 and liquid-solid mass transfer 25 . Moreover, direct studies of the effect of multiplicity on reactor performance are scarce 26 . In the current investigation, two of the pre-wetting methods as summarized by van der Merwe & Nicol (2009) 27 are used to explore the boundaries of multiplicity behaviour.
Approximations of the reported parameters are based on packed bed conversion data for two reactions: Hydrogenation of linear octenes and hydrogenation of isooctenes (trimethylpentenes). This reaction system finds its application in the Fischer-Tropsch refining industry 28 . Fischer-Tropsch naphta contains up to 85% olefins, and requires severe hydrogenation. This leads to a drastic decrease in motor octane number (MON). The decrease in MON is highly dependent on the molecular structure of the hydrogenated olefin. As a rule, hydrogenation of linear olefins leads to a more severe drop in the octane number than the hydrogenation of branched olefins. It is therefore preferred to hydrogenate the branched olefins and retain the least branched olefinic molecules.
Experimental

Trickle-bed reactor setup
A flow sheet of the experimental setup is shown in figure 1 . The setup is designed to provide for cocurrent gas-liquid upflow and downflow. for pressure drop measurements to check for flow stability. In downflow operation, gas and liquid is distributed through a distributor plate with twenty-one 4.5 mm holes, while liquid is distributed with ⅛" pipes that fits through these holes. In upflow operation, gas and liquid entering the bottom of the reactor is only distributed by a retaining sieve plate and the packing itself.
Nitrogen and hydrogen can be fed to the reactor, the flow rates being controlled by 0-30 NL/min Brookes mass flow controllers. Maximum operating pressure of the system is 80 bar. A water-cooled heat exchanger is installed in the product line to cool down the product to approximately 30°C. Pressure is regulated with a backpressure regulator and monitored at strategic points in the system with pressure indicators and transducers. Samples are taken in a sampling bomb with dip tube for gas-liquid separation. Based on the high boiling points of the liquid components, it is clear that evaporation and entrainment of liquid product in the gas will not significantly affect the product composition at 30°C. The product stream can either be recycled to the feed tank or routed to the product tank.
Experimental conditions and procedure
For each experimental run, the olefins in the liquid feed was hydrogenated over 
Gas mass transfer resistances and reaction order
Though the bulk of the reaction experiments were performed at the conditions stated above, two other sets of experiments were also conducted. First of all, it had to be ensured that the liquid entering the bed is saturated with hydrogen, independent of liquid flow rate and flow configuration. For all experiments, 140 mm of inert supports were used to provide for hydrogen saturation before entering the bed. That this amount of support is indeed enough to ensure saturation was verified experimentally: Two experimental runs were performed, one with an undiluted (70 g) catalyst bed situated 140 mm from the top reactor inlet and another with the bed situated close to the bottom of the reactor (the depth of the bed was 715 mm -775 m). The available area for gas-liquid mass transfer before entering the catalyst bed is far more in the former than in the latter case for gasliquid upflow, and vice versa for trickle flow. Results for linear octane hydrogenation are shown in figure 3. Since these two runs agree satisfactorily for all experimental conditions, it can be assumed that the liquid is saturated with the gas before entering the bed. Both experiments were repeated with good repeatability.
In another set of experiments, conversion data for the hydrogenation of a 1% linear octenes and 2% isooctenes feed was compared with hydrogenation of 0.5% linear octenes and 0.5% isooctenes. Results are shown in figure 4 . Close agreement between the results suggests both reactions are liquid-limited and first order with respect to the liquid reagents: Should gas mass transfer resistances play a role, conversions for the lower concentration feed would be higher than for the more concentrated feed. Hence, it can be assumed that the partial pressure of hydrogen was constant throughout the bed for all experiments, so that pseudo-first order kinetics with respect to the liquid reagents can be assumed. Also, conversions that are independent of inlet concentration are characteristic for first order reactions.
Results and Discussion
Conversion data
Typical conversion data for an experimental run is shown in figure 5 . In the rest of the discussion an "experimental run" will refer to two conversion data points for both reactions at five different liquid flow rates for all three different modes of operation. All the datapoints from an experimental run were generated consecutively (in no specific order) without interruption of the reactor temperature.
Conversion data for the two different reactions are of course generated in parallel.
The lower conversion data in figure 5 is for isooctene hydrogenation, which is considerably slower than the hydrogenation of linear octenes. In total, nine experimental runs were performed, each consisting of a total of 60 conversion 
The rate constant k R in equation (2) includes the particle efficiency factor for a fully wetted particle, as is shown in equation (3). Where upflow conversion data for the slower reaction approximates first order behaviour, significant deviations still persist in trickle flow at low liquid flow rates. The deviations from first order behaviour, even for the slower reaction, will be interpreted as a combined effect of resistance to mass transfer and incomplete wetting. If it is assumed that the area for liquid-solid mass transfer and the particle reaction rate (internal diffusion incorporated) is linearly dependent on the wetting efficiency, the apparent first order rate constant is given by:
. .
(4)
The assumption of linearity between the particle efficiency factor and wetting efficiency requires generalized particle moduli larger than 3 7 . For all experiments, the modulus for the fast reaction was determined to be larger than 10 based on shell volume, and larger than 2.6 for the slower reaction. For this modulus, the maximum error in assuming a linear dependence of the particle efficiency on wetting efficiency is less than 1%. Equation (4) will be used in the treatment of trickle flow conversion data. Note that for the rest of the discussion, k T will be specific to each conversion datapoint.
For example, k LS and f are dependent on the hydrodynamics (i.e. upflow/downflow, liquid flow rate and employed pre-wetting procedure). The liquid-solid mass transfer coefficient, k LS , as used in equation (4), is therefore not the same as in equation (3). The only parameters in equation (4) that are independent of hydrodynamic conditions are k R , which is specific to each reaction, and a, that is a function of the packing properties only.
Data refinement
Although all characteristics of figure 5 were highly repeatable for most of the experimental runs, only a few experimental runs were quantitavely repeatable. An example of how conversion data varied from experimental run to experimental run is shown in figure 6 . The large scatter is attributed to differences in catalyst activity. Two types of activity variations are possible: One where the catalyst activity varied within a run, and another where the catalyst was stable during a run, but at a different activity than during other experimental runs. Data from the former type of activity variation can not be used, whereas data from the latter type can still be useful if treated correctly.
For selection of useful conversion data, it is first of all necessary to discard all data from experimental runs during which the catalyst deactivated: Catalyst deactivation while performing an experimental run might influence the interpretation of hydrodynamics. For indication of catalyst stability during an experimental run, the following catalyst activity indicator (CAI) was defined, which can be calculated from conversion data without any knowledge of the reaction rate constants (using the expression on the right): . .
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The derivation of above equation is shown in equations 7 and 8, where it is used for the estimation of wetting efficiency. For complete wetting in the upflow mode, the CAI should be independent of liquid flow rate under liquid-limited conditions, and is directly related to the catalyst activity. All experimental runs during which the CAI decreased notably were discarded. An example of how the CAI is used is shown in figure 7 .
Because of catalyst deactivation, data from four out of the nine experimental runs had to be discarded. Although all of the retained datasets are generated with stable catalyst, the stable catalyst activity varied from experimental run to experimental run as is seen in figure 8 . It is therefore important to develop methods for the estimation of the hydrodynamic parameters in equations (1) and (4) that are insensitive to the specific catalyst activity.
Wetting efficiency
Consider two first order reactions with particle rate constants k R1 and k R2 occurring in a trickle bed reactor as modeled in equation (4) . Using the effective rate constants k T1 and k T2 obtained from conversion data, the liquid mass transfer coefficient can be calculated twice for known reaction rate constants and wetting efficiency: . .
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Note that equation (6) is only valid if both reactions take place under the same hydrodynamic conditions, and refer to the treatment of one specific conversion datapoint. The relationship also relies on the assumption that the molecular diffusivities of both reagents are the same. According to the Wilke-Chang correlation, this assumption holds true for the current system (see table 1 ).
By rearranging equation (6) , it is possible to calculate wetting efficiency at a specific hydrodynamic state (mode of operation and liquid flow rate) if k R1 and k R2 is known. 
Part (A) of equation (7) contains only reaction rate constants and is constant for a stable catalyst. Therefore, part (B) of equation (7) is directly proportional to wetting efficiency and should be constant during upflow operation if the assumption of complete wetting in upflow holds true:
Compare equation (8) to the definition of the CAI in equation (5). It was found that the CAI is a constant for stable catalyst or a function of time-onstream only for an unstable catalyst as is shown in figure 7 . Therefore, the wetting efficiency in upflow operation is constant and independent of liquid flow rate, and the assumption of complete wetting holds true. Wetting efficiencies in trickle flow operation can therefore be calculated if conversion data is available for upflow operation at the same catalyst activity.
Note that for the calculation of wetting efficiency, no knowledge of the kinetic rate constants k R1 and k R2 is required, and it is possible to calculate wetting efficiency from the raw conversion data as long as upflow conversion data for only and any one liquid flow rate is available at the same catalyst activity, i.e. the catalyst was stable during an experimental run. It is not necessary to have upflow conversion data available at all liquid flow rates: only one upflow conversion datapoint for both reactions is needed to calculate the quantity defined in equation (8), as long as the catalyst is stable. Figure 9 shows wetting efficiencies in trickle flow operation as calculated with equation (9) . The averaged values for all experimental runs with stable catalyst are shown in figure 10 . As expected, hydrodynamic multiplicity is the most severe at low liquid velocities (± 10-15% variation), where liquid flow in Levec pre-wetted beds tend to channel . The experimental data that was used in this correlation was generated in Levec pre-wetted beds.
Liquid-solid mass transfer
Contrary to the estimation of wetting efficiency, approximations of kinetic rate constants k R1 a n d k R2 are needed to estimate mass transfer rates from The coefficients k 0 and k 1 should be independent of the reaction rates, and the following function was minimised in order to obtain approximations of (a) kinetic rate constants for both reactions x and all experimental datasets i, and (b) liquidsolid mass transfer for upflow operation as a function of liquid flow rate:
Minimisation of this function is an iterative procedure, where k R,xi is fitted onto conversion dataset i specific to reaction x with set values for k 0 and k 1 (1 parameter fitted to ±10 datapoints), and k 0 and k 1 is fitted to all conversion datasets with k R,xi set for each dataset/reaction (2 parameters fitted to ±100 datapoints). Figure 11 shows datafits obtained with this procedure. Estimated values for k R1 a n d k R2 vary between 0.11 and 0.05, and 0.015 and 0.01 s −1 respectively, based on catalyst volume. Now that the particle kinetic rate constants are known, mass transfer coefficients can be calculated for all flow rates and operating modes by substituting equation (7) into equation (6):
With the wetting efficiency results from the previous section, it is also possible to calculate mass transfer coefficients directly with equation (6) . Equation (13) is preferred, so that mass transfer rates can be calculated without making use of the wetting efficiency results. Liquid-solid mass transfer coefficients calculated with equation (13) are independent of the wetting efficiency and an indication of the specific rate of mass transfer at any specific point in the bed. Most liquid-solid mass transfer studies in trickle-beds are based on either a dissolution method 20, 34, 35, 36 or an electrochemical method 25, 37, 38, 39, 40 . These experimental methods lead to mass transfer coefficient measurements that include wetting efficiencies, i.e., usually k LS × f is measured. To calculate k LS × f, one can once again use equations (6) and (7) to find the following relationship:
For upflow where f = 1, equation (13) and (14) should yield the same results, which can be used as a test whether the estimated reaction rate constants are reasonable. That this is indeed the case is shown in figure 12 , which is a parity plot of upflow mass transfer rates calculated via equation (13) and via equation (14) . From the inset in Figure 14 it can be seen that the same trend applies for the specific mass transfer coefficient. The difference would have been more severe if interstitial velocity was used instead of superficial velocity, but due to the lack of holdup data, quantification could not be performed. 
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